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ABSTRACT*
The presence of bromide (Br−) in water results in the formation of brominated disinfection 
byproducts (DBPs) after chlorination, which are much more cytotoxic and genotoxic than 
their chlorinated analogs. Given that conventional water treatment processes (e.g., 
coagulation, flocculation, and sedimentation) fail to remove Br− effectively, in this study, 
we systematically tested and compared the performance of different anion exchange resins, 
particularly two novel Br-selective resins, for the removal of Br−. The resins’ performance 
was evaluated under both typical and challenging background water conditions by varying 
the concentrations of anions and organic matter. The overall Br- removal results followed 
the trend of Purolite-Br ≥ MIEX-Br > IRA910 ≥ IRA900 > MIEX-Gold > MIEX-DOC. 
Further evaluation of the Purolite-Br resin showed Br− removal efficiencies of 93.5 ± 4.5% 
for the initial Br− concentration of 0.25 mg/L in the presence of competing anions (i.e., Cl−, 
NO3
−, NO2
−, SO4
2−, PO4
3−, and a mixture of all five), alkalinity and organic matter. In 
addition, experiments under challenging background water conditions confirmed the 
selectivity of two of the resins (i.e. Purolite-Br and MIEX-Br) in removing Br−, with SO4
2− 
and Cl− exhibiting the greatest influence upon the resin performance followed by NOM 
concentration, regardless of the NOM characteristics. After Br− removal by Br-selective 
resin, both the subsequent formation of brominated DBPs (trihalomethanes, haloacetic 
acids, and haloacetonitriles), and the total organic halogens (TOX), decreased by ~90% 
under uniform formation conditions. Overall, Br-selective resins represent a promising 
alternative for the efficient control of Br-DBPs in water treatment plants. 
*This work was accepted for publication:
Soyluoglu, M., Ersan, M.S., Ateia, M., Karanfil, T., 2020. Removal of bromide from natural waters: Bromide-selective vs. 
conventional ion exchange resins. Chemosphere 238, 124583.
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1 
Introduction 
Bromide (Br-) is ubiquitous in both fresh waters and seawaters with concentration 
ranges of 6–200 µg/L and 66,000‒68,000 µg/L, respectively (Amy et al., 1994; Krasner et 
al., 2002; Magazinovic et al., 2004). However, Br- concentrations may occur within a range 
of 800–1000 µg/L in surface waters as a result of seawater intrusion (Magazinovic et al., 
2004). The concentration of Br- in surface waters also can be elevated as a result of 
discharges from Br-containing anthropogenic sources (e.g., coal-fired power plants, 
industrial effluents, hydraulic fracturing, and wastewater treatment plants) (Amy et al., 
1994; Krasner et al., 2002; Wilson et al., 2014). For example, Br- concentrations have been 
reported between 100–2000 µg/L in oil and gas produced waters (Wilson et al., 2014). 
Further, the recent and increasing trend of using impaired and alternative water sources 
that are characterized with high Br- levels makes their mitigation more imperative (Watson 
et al, 2012). Although Br- itself possesses no direct public health impacts, it reacts with 
disinfectants during water treatment thus causing its manifestation as a precursor of 
brominated disinfection by-products (DBPs), which are more cyto- and genotoxic than 
chlorinated DBPs (Plewa et al., 2004; Richardson et al., 2007). Therefore, the removal of 
Br- from water is critical for mitigating the formation of these toxic brominated DBPs (e.g., 
bromate, brominated trihalomethanes and haloaceticacids). 
Membrane filtration (e.g., reverse osmosis, nanofiltration), electrochemical processes 
(e.g., electrolysis, capacitive deionization), and sorption processes (e.g., activated carbon 
and ion exchange resins) are the most used techniques in Br- removal (Watson et al., 2012; 
Gong et al., 2013; Wiśniewski et al., 2014; Krasner et al., 2016; Dorji et al., 2018). The use 
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of membranes in Br- was found to be most effective, with a removal rate of approximately 
93‒99.3%, depending upon the membrane characteristics and operational conditions 
(Bartels et al., 2009; Watson, K., Farré M.J., Knight, 2012; Dorji et al., 2018). However, 
membrane technologies are expensive to implement. Electrochemical removal, which 
involves oxidizing bromide to bromine in drinking water, is pH dependent, requires a 
higher energy input relative to conventional treatment processes, and can potentially still 
form toxic brominated DBPs after oxidation (Kimbrough and Suffet, 2002; Watson et al., 
2012). Activated carbon adsorption is characterized by a low level of Br- removal 
efficiencies (22‒30%) (Watson et al., 2016). Therefore, various concepts have been 
developed to improve their removal efficiencies, most notably the development and use of 
silver impregnated activated carbons (Ateia et al., 2019; Chen et al., 2017; Rajaeian et al., 
2018). Although results in the range of 40–90% were reported in the presence of 
background anions, specifically chloride and natural organic matter (NOM) negatively 
affected Br- removal rates (Ateia et al., 2019; Chen et al., 2017; Krasner et al., 2016; 
Watson, K., Farré M.J., Knight, 2012; Watson et al., 2016). It is also noteworthy that 
although conventional treatment and activated carbon adsorption processes remove NOM 
while failing to remove Br- from water, the result was an elevated Br-:DOC ratio and an 
increased formation of brominated-DBPs in the treated water (e.g., Metcalfe et al., 2015; 
Phetrak et al., 2014). 
Ion exchange (IX) is a sorption-based technology that is a relatively easy-to-operate 
water treatment process in which IX resins are regenerated and reused to reduce the 
treatment cost (Walker and Boyer, 2011). See Table A1 for a detailed compilation of the 
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previous studies regarding the use of IX resins for Br- removal in Supplemental 
Introduction and Literature Review in Appendix . Of the commercially available 
polyacrylic and polystyrene IX resins tested to determine their efficacy in removing Br- 
from water (Boyer and Singer, 2006; Walker and Boyer, 2011; Phetrak et al., 2014), the 
removal efficiency of all decreased dramatically in the presence of background anions (e.g., 
sulfate, chloride, nitrate), alkalinity, and NOM in water (Johnson and Singer, 2004; 
Humbert et al., 2005). Although a new series of bromide selective resins are available of 
2017 , there is no study that investigate and compare their performance with other 
conventional anion exchange resins. 
Herein, this report details the results of the first systematic study using two Br-selective 
IX resins (i.e., Purolite Bromide Plus/9218 and MIEX-Bromide) and traditional anion 
exchange resins (i.e. IRA900, IRA910, MIEX-Gold, and MIEX-DOC) for the removal of 
Br- under varying water chemistry conditions. The specific objectives were to investigate 
the effect of (i) background anion type and concentration, (ii) operational parameters 
(contact time, bed volume, pH, and regeneration), (iii) mixed competing anions and 
alkalinity, and (iv) NOM characteristics and concentration on the removal of Br- and 
subsequent formation and speciation of brominated DBPs after chlorination. Results 
clearly indicated the efficacy of IX resins for the selective removal of Br- in water treatment 
plants.  
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2. Materials and Method 
2.1.Materials 
Two commercially available Br-selective IX resins (i.e., Purolite Bromide Plus/9218 
and MIEX-Bromide), two traditional styrene-based anion exchange resins (i.e. IRA900 and 
IRA910) and two traditional methacrylate-based (i.e. MIEX-DOC and MIEX-Gold) were 
examined in this study. Purolite Bromide Plus/9218 was obtained from the Purolite 
chemical manufacturing company (Bala Cynwyd, PA, USA), and the MIEX resin samples 
were obtained from IXOM Watercare, a water treatment solutions firm (Centennial, CO, 
USA). The IRA900 and IRA910 resins, the sodium chloride, sodium bicarbonate, sodium 
nitrate, sodium sulfate salts, and Br-, chloride (Cl-), nitrate (NO3
-), nitrite (NO2
-), phosphate 
(PO4
3-), and sulfate (SO4
2-) solutions were purchased from Sigma Aldrich, USA. A list of 
all resins and their respective characteristics that supplied by the manufacturer are provided 
in Table 1. 
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Table 1. Characteristics of the tested resins 
 
2.2. Bromide removal experiments 
The resins were pre-washed before the experiments to remove any impurities (See in 
Appendix), as described in our previous studies (Gan et al., 2013; Beita-Sandí and 
Karanfil, 2017).  The preliminary experiments were then undertaken using varying Br- 
concentrations (100‒1000 μg/L), contact times (5‒20 min), bed volumes (BV = 200‒1400), 
Resin 
Capacity 
(meq/ml) 
Ionic 
Form 
Particle 
size (µm) 
Polymer structure 
Functional 
Group 
Purolite® 
Bromide 
Plus/9218 
0.9 Cl- 520-620 
Gel polystyrene crosslinked 
with divinylbenzene 
Proprietary 
MIEX-Bromide 0.9 Cl- 80-650 
Macroporous crosslinked 
polyacrylate/ 
divinylbenzene 
Proprietary 
IRA 900 ≥ 1.00 Cl- 650-820 
Styrene divinylbenzene 
copolymer 
Trimethyl 
ammonium 
IRA 910 ≥ 1.00 Cl- 530-800 
Macroreticular crosslinked 
polystyrene 
Dimethyl 
ethanol 
ammonium 
MIEX-DOC 0.4 - 0.5 Cl- 100-400 
Macroporous 
polymethacrylate/ 
divinyl benzene 
Trimethyl 
Ammonium 
MIEX-Gold 0.4 - 0.55 Cl- 100-400 
Macroporous 
polymethacrylate 
Trimethyl 
Ammonium 
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and pH (5.5‒10). Based on the results of the preliminary tests, the initial Br- concentration, 
contact time, bed volume and pH were set at 250 μg/L, 15 min, 600, and 6.5, respectively 
(See in Figure A2). Each one of the six resins was regenerated by mixing it with a 10% 
NaCl solution (ACS grade) at three BV (mL %10 NaCl solution / mL resin volume) then 
rinsing it three times with DDI (distilled and deionized) water prior to storage until further 
use. The resin was observed to recover its Br- removal character after all regeneration 
cycles. All experiments were run in duplicates with the results reported as an average ± 
percentage difference. 
Comparison of resins: The Br- removal efficiencies of all selected resins were tested 
concurrently in DDI under varying background anion concentrations (i.e., SO4
2- [25–400 
mg/L], Cl- [25–400 mg/L], alkalinity [50–400 mg/L as CaCO3], NO3- [10–50 mg/L] and 
PO4
3- [5–25 mg/L]). The experimental design is detailed in Table A4. 
Comprehensive resin testing: Here, the competition between Br- and the other anions 
(i.e., NO3
-, SO4
2-, NO2
-, PO4
3-, Cl-), as well as alkalinity, was examined under two 
experimental conditions: 1) testing the effect of each individual anion under a typical and 
challenging concentration level, and 2) testing the effect of the mixture of all anions under 
typical and challenging concentration levels (with the anion concentrations determined 
based upon the surface water level). The experimental conditions are detailed in Table A6. 
For selected anion concentrations, the Br- removal rates were also examined in NOM 
solutions. NOM was extracted from surface water by reverse osmosis isolation. XAD-4 
and XAD-8 resins were used to fractionate NOM by operationally defined hydrophobic 
(HPO) and transphilic (TPH) fractions. The detailed fractionation process was reported in 
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previous studies(Kitis et al., 2001; Song et al., 2009) The characteristics of the NOM 
fractions are detailed in Table A7. Experiments were conducted with two different NOM 
fractions with a specific ultraviolet absorbance (SUVA254) of 1.7 and 3.0 L/m.mg and at 
two different dissolved organic carbon (DOC) concentrations of 2.0 and 7.5 mg/L (Table 
A8). The analytical methods used in this study and the detection limits (DL) are provided 
in the Table A3. 
2.3. Chlorination procedures 
A modified uniform formation conditions (UFC) test was used to simulate the 
formation of DBPs from NOM solutions in distribution systems. Prior to the addition of 
the oxidant, a phosphate buffer was used to adjust the pH of the samples to 7.8. Samples 
were chlorinated from a stock chlorine solution (1000 mg/L as Cl2) to achieve a free 
chlorine residual of 1 mg/L as Cl2 after 24 h. After 24 hours of reaction time, the samples 
were analyzed for residual chlorine according to the DPD colorimetric method (SM 4500-
Cl G)(APHA et al., 2005).   The residual chlorine was quenched with a stoichiometric 
amount of ascorbic acid, and the samples analyzed for Trihalomethanes(THMs), 
Haloacetic acids(HAAs), Haloacetonitriles (HANs), and Total Organic Halogens TOX (i.e. 
TOCl and TOBr). A detailed description of DBPs and TOX analyses is provided in 
Supplemental Information on Material and Methods in Appendix.  
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2.4. BSF and toxicity calculations 
The bromine substitution factor (BSF) ranges, which fell between 0 to 1, were 
calculated by the ratio-of-molar concentration of bromine in a given DBP class (i.e. THMs, 
HAAs, HANs etc.) to the total molar concentration of chlorine and bromine in that class ( 
Hua et al., 2006; Ersan et al., 2019) (Eq.1). 
BSF = 
(∑BrDBP)
( ∑BrDBP + ∑ClDBP)
          (1) 
The cytotoxicity of the samples were calculated by dividing molar concentration of 
DBPs (i.e. THMs, HAAs and HANs) by the LC50 (toxicity index) values (as shown in Eq.2) 
of the individual DBP species, which were obtained by established methods (Muellner et 
al., 2007; Plewa et al., 2010; Wagner and Plewa, 2017; Liu et al., 2018). The toxicity index 
for DBPs is also detailed in Table A9. During this study, the aim was to evaluate the effect 
of individual DBPs on total calculated toxicity, and their change with removing Br- by 
selective resin. 
Cytotoxicity = 
DBP concentration
LC50
 x 10-3          (2)  
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3. Results and Discussion 
3.1. The Br- removal selectivity of different resins under changing anion levels 
Different Cl- form resins composed of varying polymeric structures and functional 
groups were analyzed, the characteristics of which are provided in Table 1. Purolite-Br 
resin is gel-type crosslinked styrene-divinylbenzene copolymer while MIEX-Br resin is a 
macroporous crosslinked acrylate-divinylbenzene copolymer; both with proprietary 
functional groups to remove Br-. IRA900 and IRA910 are macroreticular crosslinked 
styrene-divinylbenzene copolymers with trimethyl and dimethyl ethanol ammonium 
functional groups, respectively (Table 1). MIEX-Gold and MIEX-DOC resins are 
macroporous polymethacrylate (known as polyacrylic) within the trimethylamine 
functional group. As summarized in Table A1, although the IRA900 and IRA910 are 
efficient resins for Br- removal, there is no available data in the literature comparing the 
performances of these resins with any of the newly developed Br-selective resins under 
comparable conditions. Therefore, the Br- removal efficiencies of the resins were evaluated 
under the same operating conditions and challenging water matrices of the selected anions 
(Table A4). Results from previous studies regarding the removal of Br- indicated that Cl-, 
SO4
2-, NO3
-, PO4
3-, and alkalinity were the most influential parameters in terms of 
decreasing the performance of IX resins (Table A1) (Boyer and Singer, 2005; Hsu and 
Singer, 2010). Therefore, the investigation of selective removal of bromide in the presence 
of competing anions is necessary to resolve these limitations during water treatment. 
Overall, under all conditions Purolite-Br resin exhibited the highest removal efficiencies 
(up to 90%) for Br- followed by MIEX-Br, IRA910, IRA900, MIEX-Gold, and MIEX-
10 
 
DOC, respectively (Figure 1 and Figure A3). The increasing concentrations of SO4
2- 
(25˗400 mg/L) and Cl- (25˗400 mg/L) were the coexisting anions exhibiting the greatest 
influence in terms of decreasing the Br- removal efficiency for all resins ([Br-]0=250 µg/L) 
at 600 BV and 15 min. 
  
11 
 
 
Figure 1. The overall Br-  removal comparison with different resins under changing a) Sulfate 
(25, 50, 100, 200 and 400 mg/L), b) Chloride (25, 50, 100, 200 and 400 mg/L), c) Alkalinity (50, 
100, 200 and 400 mg CaCO3/L), d) Nitrate (10, 25, and 50 mg/L) and e) Phosphate (5, 10 and 25 
mg/L) concentrations in DDI.  
Experimental conditions: [Br-]0 = 250 µg/L, pH= Ambient, T = 21 1 oC, contact time = 15 
min, Settling Time= 2 min, Mixing (rpm)=150, BV= 600; n shows the number of measurements 
for individual anions. The ends of the box are the upper and lower quartiles, so the box spans the 
interquartile range. The median is marked by a vertical line inside the box and mean shows by x. 
The whiskers are the two lines outside the box that extend to the highest and lowest observations. 
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Although the ion-exchange mechanism is based on simple electrostatic interaction, particle 
size, the nature of the counter ions, the hydration energy of the anions, the types of 
functional groups on resin surfaces and the affinity for different ions are all known as 
influencers upon the reaction. The selectivity of the resins for the removal of Br- was 
evaluated by calculating the milliequivalents (meq: concentration/the equivalent weight ) 
ratio of the total capacity of the resin and the meq concentration of each anion in the 
solution at each condition analyzed (Table A4 & Table A5). As shown in Figure A4 , the 
concentration of SO4
2- and Cl- were in the range of 0.5–7.5 times the capacity of the tested 
resins. No removal was observed in terms of both traditional polystyrene and 
polymethacrylate (IRA and MIEX) resins when the meq ratios were 2.5 and 3.5 for SO4
2- 
and Cl-, respectively. However, Br- removal efficiencies using Purolite-Br were 60% and 
40% at the same meq concentrations in 15 min contact time and 600 BV. Furthermore, 
both the Purolite-Br and MIEX-Br maintained their Br- removal efficacies even when the 
meq concentrations of SO4
2- and Cl- were 5.5 and 7.5-fold that of the reported resin 
capacities. Similar Br- removal trends were observed for the calculated meq ratios in terms 
of the alkalinity, nitrate, and phosphate (Figure A4c-e). Although the background 
competing anions concentration was  102–104 times higher than Br-(as meq concentration), 
Purolite-Br, and MIEX-Br, the resins continued to remove Br- under all tested conditions. 
Thus, it was important to determine the resin’s selectivity towards Br- in the presence of 
high concentrations of competing anions as well as understanding the impact of the resin’s 
polymer structure and functional groups (Table 1 & Table A4). For instance, the 
hydrophobic character of the polystyrene resin and contaminant has a significant effect on 
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the selectivity of the resin. Therefore, while polystyrene resins are more efficacious in 
removing Br- from water (ΔG°, -348 kJ/mol for Br-), conventional polyacrylic resins tend 
to remove hydrophilic anions such as SO4
2-  due to their higher hydration energy (ΔG°, -
1103 kJ/mol) (Gu et al., 2004). It is a crucial point for the selective removal of Br-, given 
that resin hydrophobicity is also influenced by the type of polymer structure of the resin 
and the chain length of functional groups. As the functional groups of the novel Br-resins 
are proprietary (i.e. no detailed information provided by the manufacturers), no comparison 
and discussion about functional groups and their effect on selectivity was undertaken in 
this study. Although conventional styrene-based resins are characterized by different 
skeleton structures (i.e. IRA900 has a styrene-divinylbenzene copolymer and IRA910 a 
macroreticular crosslinked polystyrene), the adsorption abilities of both were nearly 
identical under all tested conditions. Furthermore, while the MIEX-Gold and MIEX-DOC 
resins have the same poly methacrylate structure with trimethylamine functional groups, 
the higher surface area of the MIEX-Gold gave it a greater efficiency over the MIEX-DOC 
resin. The polymer structure of the MIEX resins (polyacrylic type) makes them particularly 
suitable for SO4
2- removal. Further an analysis of the NO3
- concentration effect indicated 
that the acrylic resin was more efficient than styrene-based conventional resins in removing 
Br- from water, as these traditional styrene-based resins remove monomers based on its 
hydration energy (ΔG°, -314 kJ/mol for NO3-). Further the lower hydration energy and 
higher concentration of NO3
- over Br- means that traditional styrene-based resins prefer 
NO3
- over Br-. Overall, these results indicate the presence of Br-selective sites in both 
Purolite-Br and MIEX-Br as compared to conventional styrene and acrylic-based resins. 
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Between the novel selective resins, gel type polystyrene Purolite-Br resin showed slightly 
higher sorption of Br- relative by the macroporous crosslinked polyacrylate/divinylbenzene 
MIEX-Br resin. Although the Br-resins analyzed had identical capacities and counterions 
(Cl-), both the polymer backbone (Purolite-Br: polystyrene, MIEX-Br: polyacrylate) and 
pore structures (Purolite-Br: gel type, MIEX-Br: macroporous type) of those Br-resins 
affected the degree of the Br- removal.  Similarly, although the macroporous resins exhibit 
a greater physical stability (rigid and highly cross-linked while gel resins are more 
amorphous), the gel resins are characterized by a much faster exchange kinetics during the 
given a certain time period (Flowers et al., 2012). As such, the Purolite-Br resin, which 
exhibited a superior performance under tested background conditions, was selected and 
used for the experiments detailed below. 
3.2. Removal of Br- in the presence of NOM and competing anions 
The performance of Purolite-Br resin was tested under a varying set of conditions of mixed 
anions and mixed anions with NOM, with concentrations selected using the surface water 
characterization as the criteria (see the detailed experimental conditions in Table A7 & 
Table A8 ). For purposes of comparison, the individual effects of the various anions were 
tested under relevant concentrations in terms of their presence in natural water systems. 
The results showed that Purolite-Br removed 89‒96% of Br- ([Br]0: 0.25 mg/L), in 10 mg-
NO3
-/L, 0.5 mg-NO2
-/L, 10 mg-SO4
2-/L, 0.5 mg-PO4
3-/L, and in the mixture of all four 
(Figure A5). The anion with the greatest influence was Cl-, as it reduced the Br- removal 
to 81% at the Cl- concentration of 7.5 mg/L (Cl-: Br- ratio = 30). Experiments were next 
conducted under challenging background water chemistry conditions (high level of anions’ 
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composition that is higher than average concentration in surface waters) in which different 
concentrations of competing anions were spiked (Table A6). The Br- removal rate, which 
was within a range of 66‒89% under these elevated conditions, was affected when all 
anions and alkalinity were present at very high concentrations (Figure A5). It should be 
noted that the total meq concentration of all anions in the solution was 25.5, while the total 
meq of the calculated resin available sites was a mere 4.5 for 5 ml of Purolite-Br resin. 
To investigate the effect of NOM on Br- removal, two NOM solutions with different 
aromaticity, as indicated by SUVA254 values (Table A7 & Table A8), were tested. At 2.0 
mg-C/L DOC concentration, the Br- removal efficiencies in both NOM were in the range 
of 83–85%, indicating that the difference in the NOM aromatic character had no effect 
upon the Br- rate of removal (Figure 2-a). However, an increase in the DOC concentration 
to 7.5 mg-C/L did reduce the Br- removal to 73%, indicating competition at higher 
concentrations of negatively charged NOM with Br- for available exchange sites on the 
resin surface, blocking Br- access to some of the pores (Figure 2-b). Regardless, over 70% 
Br- removal in waters was possible with the DOC at a mass ratio of 30, indicating the 
selectivity for Br- by the resin in natural waters.  Previous studies reported that an increase 
of 3–4 mg/L DOC decreased Br- removal by 10–30 % by conventional ion exchange resin 
(Hsu and Singer, 2010; Walker and Boyer, 2011). In those studies, removal efficiencies 
were within the range of 32–58% for an initial concentration of 0.1 mg/L Br- at 250˗1000 
BV (Table A1). 
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     Figure 2. Effect of a) NOM type and b) DOC concentration (hydrophobic NOM) on Br- 
removal.  
     Experimental Conditions: [Br-]0 = 250 µg/L, a) [DOC]0 = 2  mg/L, Transphilic NOM 
SUVA254=1.7 L/mg.m, Hydrophobic NOM SUVA254= 3.0 L/mg.m, b) [DOC]0 = 2 and 7.5  mg/L, 
Hydrophobic NOM SUVA254= 3.0 L/mg.m,  pH= 6.5, T= 21±1oC, BV: 600 
 
The adverse effect of the NOM and other anions on Br- removal has been established. 
Boyer and Singer (2006) observed low Br- removal (6–28%) by polyacrylic resins in the 
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presence of SO4
2- (10–50 mg/L) and NOM (5.1–6.5 mg-C/L). Similarly, the use of 
polystyrene and polyacrylic resins for removal of Br- was within a range of 8–65% after 
the addition of NO3
- (8.7 mg/L) and SO4
2- (13.5 mg/L) with a NOM background (5.6–6.7 
mg-C/L) (Humbert et al., 2005). In our study, the resin performance was analyzed under a 
challenging mixture of NOM (2–7.5 mg-C/L) and five competing anions (i.e., NO3-, SO42-
, NO2
-, PO4
3-, and Cl-), but only a 20% decrease in Br- removal was observed (Figure A6). 
This continued high selectivity of the resin for Br- removal represents a good alternative 
for use in water treatment systems. 
 
3.3. DBP formation and speciation 
3.3.1. THMs, HAAs and HANs 
In Figures 3 and Figure A7, the results of the formation and speciation of THMs, 
HAAs, and HANs are provided before (control) and after resin treatment (600 BV) in both 
transphilic and hydrophobic NOM solutions (SUVA254: 1.7 and 3.0 L/mg.m, respectively) 
at two DOC concentrations (2.0 and 7.5 mg/L). For the control at 2.0 mg/L DOC and 250 
µg/L Br-, the formation of THMs in transphilic and hydrophobic NOM solutions were 98±4 
and 102±0.2 µg/L, with an ordered speciation of dibromochloromethane> 
tribromomethane>dichlorobromomethane>trichloromethane(DBCM > TBM > DCBM > 
TCM) and DBCM>DCBM>TBM>TCM, respectively (Figure 3-a). Although similar 
concentrations of total THMs were observed in both waters, the measured concentration of 
THM species differed slightly between TPH and HPO solutions, which may be ascribed to 
the higher reactivity of chlorine with a  higher SUVA254 NOM (that is more hydrophobic 
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with more aromatic content) (Hua et al., 2015, Osawa et al., 2017). After treatment with 
the Br- selective resin, the overall formation of THM decreased by 90% and 60% in the 
transphilic and hydrophobic solutions, respectively. Within the treated fraction of water, a 
higher removal rate of Br- (up to 85%) resulted in a subsequent decrease in Br/Cl-THMs 
(>90% DCBM, >98% DBCM and >99% TBM). After treatment, the speciation also shifted 
from Br-THMs to Cl-THMs with TCM as the dominant species due to a lower removal 
rate of DOC than Br- removal by Purolite-Br resin (<25% DOC removal was observed.). 
The change in Br-/DOC ratio significantly affected the DBP speciation, which was in line 
with a previous study (Watson et al., 2015). Since NOM molecules have number-average 
molecule between 1000-10000 Daltons, this gel type Purolite-Br resin did not remove it 
from water because  it has smaller pore size than the macroporous resins. Therefore, the 
larger pore size increases the access of the larger NOM molecules over the gel type resin 
(Hu et al., 2016). When the experiments were conducted with the 7.5 mg/L DOC solution, 
a higher formation of THMs than with the 2.0 mg/L solution was observed due to the high 
correlation of DOC with THM formation (Liang and Singer, 2003; Bond et al., 2014)              
(Figure A7-a). Nevertheless, the observed degree of the Br- removal, in transphilic and 
hydrophobic NOM solutions, was 73% and 71% for 7.5 mg/L DOC, respectively, which 
reduced the formation of Br-THMs by 93% and 96%. 
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       Figure 3. DBPs speciation in control vs. 600 BV using Purolite-Br resin at 2 mg/L DOC (a) 
THM, (b) HAA and (c) HAN.  
Experimental Conditions: [Br-]0 = 250 µg/L, [DOC-]0 = 2 mg/L, Transphilic NOM 
SUVA254=1.7 L/mg.m, Hydrophobic NOM SUVA254= 3.0 L/mg.m, pH= 6-9, T= 21±1oC, reaction 
time = 24 h. 
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As shown in Figure 3-b, at the 2 mg/L DOC concentration, the formation of HAAs in 
the control samples were 25±0.5 and 27±1.7 µg/L for the transphilic and hydrophobic 
NOM backgrounds, respectively. HAAs value refer to the sum of the 
concentration  monochloroacetic acid (MCAA; ClCH2COOH), dichloroacetic acid 
(DCAA; Cl2CHCOOH), trichloroacetic acid (TCAA; Cl3CCOOH), monobromoacetic acid 
(BrCH2COOH), dibromoacetic acid (DBAA; Br2CHCOOH), tribromoacetic acid (TBAA; 
Br3CCOOH), bromochloroacetic acid (BrClCHCOOH), dibromochloroacetic acid 
(DBCAA; Br2ClCCOOH), and bromodichloroacetic acid (BDCAA; Cl2BrCCOOH). After 
treatment with the Br- resin, the removal of Br- and the decrease in the formation of Br/Cl-
HAAs (i.e. DBAA, TBAA, DBCAA, BCAA, and BDCAA) was in excess of 90%. On the 
other hand, the formation of Cl-HAAs (i.e. DCAA and TCAA) increased after the 
treatment of the resin for both NOM solutions, which can be ascribed to the competition 
of HOCl over HOBr to form Cl-HAAs.  A DOC concentration of 7.5 mg/L increased the 
HAA formation in the control sample to 89.5±0.1 and 114.7±1.8 µg/L in both transphilic 
and hydrophobic NOM backgrounds, respectively (Figure A7-b). An increase in the DOC 
concentration (7.5 mg/L) also resulted in reducing the Br- removal, thus increasing the 
formation of Br-HAAs in treated water. 
The formation and speciation of HANs in both transphilic and hydrophobic NOM 
solutions at 2 mg/L DOC is detailed in Figure A7-c. HANs is reported as sum of 
bromoacetonitrile(BAN), dibromoacetonitrile(DBAN), bromochloroacetonitrile(BCAN), 
chloroacetonitrile(CAN), dichloroacetonitrile(DCAN), and trichloroacetonitrile(TCAN). 
The total formation of HANs in these waters was 4.7±0.1 µg/L and 3.1±0.1 µg/L, 
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respectively. These results indicate the relationship of the HAN precursor with the 
nitrogen-enriched, low molecular weight organic matter (OM) in surface waters, as detailed 
in Table A7, indicating a  higher percentage of nitrogen in the solutions with 1.7 L/mg.m 
of SUVA254 than those with 3.0 L/mg.m of SUVA254. Therefore, the TPH fraction with 1.7 
L/mg.m SUVA254 had a higher formation of HANs than the HPO fraction with 3.0 L/mg.m 
SUVA254. It is also known that the nitrogen content of OM increases the formation of HAN 
(Osawa et al., 2017).  In both solutions, the speciation order of the HANs was DBAN> 
BCAN> DCAN> CAN> BAN ̴TCAN using the controls. Furthermore, although the overall 
HAN concentration decreased by 85% and 60% in the transphilic and hydrophobic NOM 
waters, respectively, after the resin treatment, a decrease of more than 90% was observed 
in both the Br- and Br/Cl-HANs (i.e. DBAN and BCAN) levels. In contrast, there was 
nearly a 55% increase in the formation of DCAN in both NOM solutions. 
At 7.5 mg/L DOC, an increase in the total formation of HANs was observed in both 
transphilic and hydrophobic NOM solutions to the level of 10.9 µg/L and 8.2 µg/L, 
respectively (Figure A7-c). After the Br resin treatment, a >94% decrease in the formation 
of Br-HANs was observed for both solutions. Regardless of the lower detected 
concentrations (~10–20 times) than THMs and HAAs, HANs were the main DBP class 
that were determined as the control behind the calculated cytotoxicity of the waters, due to 
the formation of the two toxic Br-HANs (i.e. BCAN and DBAN) (Krasner et al., 2016; 
Wagner and Plewa, 2017; Liu et al., 2018, Muellner et al., 2007). 
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The calculated cytotoxicity values before and after the Br resin treatment under different 
DOC concentrations and NOM fractions are provided in Figure 4 and Figure A9. Note 
that in the control samples the order of the calculated toxicity index values for DBPs were 
HANs>HAAs>THMs. However, THMs had the lowest contribution because of their lower 
toxicity index values. Of the detected species, the major contributor to the calculated 
cytotoxicity value was DBAN, the concentration of which greatly decreased to >99% upon 
treatment with the Br resin. Also, cytotoxicity caused by other Br-DBPs (i.e. TBM, DBCM, 
DBAA, DBCAA, TBAA, etc.) decreased by more than 98% (Figure A10). Therefore, the 
observed decrease in Br-HANs concentrations significantly reduced the toxicity of studied 
waters, which will be discussed later. More detailed information regarding the calculated 
toxicity (i.e., NOM effect and DOC concentration effect) is provided in Appendix in DBPs 
formation and speciation section.  
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       Figure 4. Calculated cytotoxicity (CHO) values as a function of HAN, HAA and THM.
Experimental conditions: [Br-]0 = 250 µg/L, [DOC-]0 = 2 mg/L, Transphilic NOM SUVA254=1.7 
L/mg.m, Hydrophobic NOM SUVA254= 3.0 L/mg.m. 
 
 
The formation and speciation of DBPs (THMs, HANs, and HAAs) in the presence of 
competing anions were also examined (Figure A8). As discussed in section 3.2., the 
removal efficiency of Br- was slightly reduced in the presence of competing anions, which 
resulted in a higher formation of Br-DBPs in the presence of competing anions in the NOM 
background. 
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3.3.2. TOX 
The formation of total organic chlorine(TOCl), total organic bromide(TOBr), and TOX 
following the chlorination of both transphilic and hydrophobic NOM is provided in Figure 
5. The reported TOX values are the sum of TOCl and TOBr concentrations. Both the 
known, or measured fractions of the THM, HAA, and HAN DPBs and the unknown 
fraction of TOCl, TOBr, and TOX are also provided in Figure 5, as determined by 
subtraction of the identified and measured halogenated DBPs from the TOX. 
 
Figure 5. Formation of known and unknown TOBr, TOCl and TOX concentrations at  
[DOC]0 = 2.0 mg/L during the chlorination of NOM fractions with different SUVA values.
Experimental conditions: [Br-]0 = 250 µg/L, Transphilic NOM SUVA254=1.7 L/mg.m, 
Hydrophobic NOM SUVA254= 3.0 L/mg.m, pH= 7.5, T =21±1 ˚C, Reaction time = 24 h. 
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With the 2 mg/L DOC, the TOX concentrations were 279±0.5 and 371±0.5 µg/L in the 
control samples  for transphilic and hydrophobic NOM solutions, respectively. The control 
of transphilic NOM with a high Br- concentration (250 µg/L) resulted in a higher known 
TOBr than a known TOCl concentration. The higher TOX concentration in the 
hydrophobic NOM fraction than the transphilic NOM solutions was caused by the 
increased formation of chlorinated species due to the high SUVA background (i.e. the 
hydrophobic structure of NOM and the high SUVA254). Although the NOM did affect the 
TOCl formation, no such effect was observed on the TOBr formation.  After treatment with 
the Br resin, a decrease in the concentration of known and unknown TOBr of >93% and 
>60% was observed respective to the rate of Br- removal (73-85%). At a 7.5 mg/L DOC 
concentration, however, an increase in the TOX concentration in both transphilic and 
hydrophobic NOM waters to 774±1 and 1005±1 µg/L, respectively, was observed (Figure 
A11). Among the TOCl and TOBr fractions, TOCl was the main contributor to the increase 
in TOX concentration by 568±0.4 and 802±0.5 µg/L in transphilic and hydrophobic NOM 
solutions, respectively. Similar to the 2 mg/L DOC solution, the observed increase in TOX 
is associated with the formation of Cl-DBPs. 
3.3.3. Bromine Substitution Factor (BSF) 
Figure 6 shows the bromine substitution factor (BSF) values for THM, HAA, HAN 
and TOX for the different DOC concentrations and NOM fractions before and after Br- 
removal by the resin. In all the examined conditions, the calculated BSF values prior to 
treatment were always higher due to the presence of Br-, which favored the formation Br-
DBPs and thus resulted in a higher BSF value. After the Br resin treatment of the solution 
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with a 2 mg/L DOC concentration, in both the transphilic and hydrophobic NOM 
backgrounds, a significant decrease in the BSF values of 95±0.4 %, 87±0.1%, 95±0.4%, 
and 68±0.2% was observed for THMs, HAAs, HANs, and TOX, respectively, in both 
solutions. Further, although the order of the calculated BSF values prior to treatment was 
BSFHAN>BSFHAA>BSFTHM>BSFTOX, after treatment, the ordered values were 
BSFHAA>BSFTOX>BSFHAN>BSFTHM, respectively. A change in DBP speciation with 
decreasing Br:DOC ratio was also observed in BSF values after resin treatment. The 
assessment of the NOM solution noted lower BSF values in a hydrophobic NOM 
background, caused by the formation of Cl-DBPs (Tan et al., 2016; Liu et al., 2018; Ersan 
et al., 2019). At a 7.5 mg/L DOC concentration, a decrease in the BSF values occurred due 
to the increased formation of Cl-DBPs in high DOC water in both NOM backgrounds 
(Figure 6-b). Analogous to the DOC 2 mg/L solution, after a Br- selective resin treatment, 
a decrease in the BSF values of 95±0.7%, 87±0.2%, 95±0.7%, and 72±0.6% were observed 
for the THMs, HAAs, HANs, and TOX, respectively.  
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Figure 6. Effect of the NOM type and the DOC concentration on the BSF of THM, HAA, HAN 
and TOX during chlorination: (a) at [DOC]0 = 2.0 mg/L and (b) at [DOC]0 = 7.5 mg/L during 
chlorination of NOM from two NOM characteristics.
Experimental conditions: [Br-]0 = 250 µg/L, [DOC]0 = 2.0 mg/L and [DOC]0 = 7.5 mg/L, 
Transphilic NOM SUVA254=1.7 L/mg.m, Hydrophobic NOM SUVA254= 3.0 L/mg.m, pH= 7.5, T 
=21±1 ˚C, Reaction time = 24 h.  
28 
 
4. Conclusion 
In this study, three categories of anion exchange resins (Br selective resins, styrene-
based resins, and acrylic-based resin) were tested to determine their efficacy for the 
removal of Br- in the presence of five background anions (i.e. SO4
2-, Cl-, alkalinity, NO3
- 
and PO4
3-). Results indicated that the novel Purolite-Br and MIEX-Br resins exhibited the 
best performance in terms of the selective removal of Br- from the water even when the 
concentration of solution anions was greater than the reported resin capacity. In contrast to 
the conventional anion exchange resins, Purolite-Br resin exhibited the highest adsorption 
performance for Br- removal, a performance possibly associated with its gel pore structure 
and propriety functional groups. Purolite-Br was also effective in the selective removal of 
Br- under both typical and challenging background water conditions (i.e., Cl-& SO4
2- =25–
400 mg/L, and NOM = 2.0–7.5 mg-DOC/L). Most importantly, the subsequent formation 
of Br-DBPs (THMs, HAAs, and HANs) and total organic halogens (TOX) decreased by 
~90% under the uniform formation conditions that were used. As a result, the bromine 
substitution factor (BSF) and calculated toxicity values also decreased after the treatment. 
No effect of the difference in water aromaticity (i.e. transphilic and hydrophobic) was 
observed for the Br- removal via Purolite-Br. Thus, the high capacity and superior 
performance of Purolite-Br in removing both low and high Br- levels in various water 
backgrounds makes it the best system for use in water treatment operations. Finally, these 
newly developed Br-selective resins represent promising alternatives for the efficient 
control of Br-DBPs in such operations.  
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Appendix   
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Supplemental Introduction and Literature Review 
Bromide Level in Natural Water Sources: Bromide (Br-) is the anion of bromine (Br2) 
from the halogen series of elements. The natural occurrence of Br- is low with a range of 
6-83 µg/l concentration in fresh water, which has minor effect on composition of water 
((Amy et al., 1993; Magazinovic et al., 2004). However, the concentration of Br- in the 
surface waters can be elevated due to anthropogenic sources such as coal-fired power 
plants, industrial effluents, hydraulic fracturing, and wastewater treatment plants (Amy et 
al., 1993; Good, 2017; Krasner et al., 2002). The average concentration of Br- in the surface 
waters ranges from 3 to 426 µg/L in the United States (Amy et al., 1993). Br- concentrations 
can reach up to ~800 µg/L in surface waters where seawater intrusion occurs (Magazinovic 
et al., 2004).  Thus, all these sources are primary factors to higher Br- concentration in the 
water, which brings a bigger problem for human health. Since population growth causes 
an increasing scarcity of water sources and energy demand all over the world, people are 
forced to use impaired and alternative water sources that have higher bromide level 
(Watson et al., 2012). 
Ion Exchange Mechanism:  Ion exchange is a treatment process that is used to remove 
dissolved ions from water. In the water treatment process, synthetic organic resins are used 
because they have high exchange capacity and are easy to regenerate. There are two types 
of ion exchange resins, anionic and cationic ion exchange resins. Cationic ion exchange 
resin processes are usually used for water softening. In this study, anion exchange resins 
were used, so more detailed information is provided about anion exchange resins and 
mechanisms. Anionic exchange resin has negatively charged ions on its surface, which are 
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exchanged with other negatively charged ions that are found in the medium. The resins 
have surface functional groups that are positively charged to accept the exchange of anions 
Moreover, there are two main types anions exchange resins: strong-base anion exchange 
resins and weak-base anion exchange resins. 
Strong-base anion exchange resins usually have a quaternary amine group that are in a 
hydroxide form. However, commercially available strong-base resins generally are in a Cl 
form. The anion exchange reaction for strong-base resins is given below. 
n[R(CH
3
)
3
N+]OH
-
+An- ⇄[nR(CH3)3N
+]An-+nOH-    Equation (a1) 
The pKb values for these resins are between 0-1, so resins can easily give up their initial 
hydroxide or chloride ion when the pH is less than 13 which provides wide-usage 
conditions for these resins. Therefore, changing pH values in water does not affect resin 
capacity or its performance during the water treatment (See in Table A2). Inorganic 
contaminants such as nitrate, nitrite, sulfate, phosphate, chloride, bromide and other anions 
(negatively charged ions) and organic contaminants (e.g. DOC) can be removed by anionic 
ion exchange resin. There are two different characteristics of the resins that affect resin 
behavior during the treatment of contaminants in addition to its functional groups: resin 
matrix and structure (Harland, 1994). Resin matrix (i.e. polystyrenic or polyacrylic) and 
structure (i.e. gel or macroporous structure) influence on resin performance. For example, 
polystyrenic resins are more rigid and hydrophobic than polyacrylic resin and have higher 
thermal stability. Also, gel-type resins have higher thermal stability when compared to 
macroporous resins (See in Table A2). On the other hand, macroporous resins have bigger 
pore size than gel resin (Figure A1), which enhances their resistance to osmotic volume 
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changes and fouling due to the large surface area (Steene, 2013). Moreover, the 
macroporous and gel products have different densities that is important where separation 
is required in mixed systems. Therefore, resin matrix and structure should be useful when 
choosing the proper resin based on the  target contaminant ion. Characteristics and main 
properties of some typical anion exchange resins are given in Table A2.  After the 
treatment process, a resin can be regenerated with NaCl and be reused for further treatment. 
 
Figure A1. Macroscopic view of a) gel type resin and b) macroporous resin[(Steene, 2013)] 
 
Weak-base anion exchange resins have a tertiary amine group and are in either chloride or 
freebase forms(conjugate base form of an amine). Their pKb values between  5.7 and 7.3, 
so the water to be treated must have a pH less than 8.3 for the surface functional groups to 
be positively charged. As shown in Table A2, weak-base resins have a narrower pH range 
than strong-base anion exchange resins. The weak-base resins effectively remove free 
mineral acidity, HCl or H2SO4. Regeneration of weak base resins is possible using NaOH, 
NH4OH or Na2CO3 (Crittenden et al., 2012). 
 The exchange medium or resin is a key factor in removing ions from water. It consists of 
a solid phase of naturally occurring materials (e.g., zeolites) or synthetic resins that are 
a)
_ 
b)
_ 
33 
 
durable and their properties can be modified for ions. Ion exchange resins have a mobile 
ion that is attached to an immobile functional acid or base group that is attached to the solid 
phase. Resins can be differentiated from each other by these functional groups. Functional 
groups determine the selectivity of the resins. 
Selectivity and exchange capacity are two important parameters that affect the performance 
of ion exchange resins. Resin selectivity is related to the physical and chemical 
characteristics of the ions of interest and also the resins. The magnitude of the valence and 
the atomic number are chemical properties of ions that affect selectivity. Also, the pore 
size of the resin and the type of functional groups on the polymer chains of the solid phase 
influence the interactions between ions and resin. In addition to the functional groups, the 
capacity of the resins has a significant role on the removal efficiency for target 
contaminants. Capacity represents the quantity of counter ions that can be exchanged onto 
resin, and generally is reported as meq counterion per volume or meq counterion per mass 
of resin.  If the resin reaches overcapacity, it needs to be regenerated by a saturated solution 
containing the initial mobile ions to restore the capacity of the resin (Crittenden et al., 
2012).  When the resin returns to its initial condition by brine or sodium chloride solution, 
it can be used again efficiently. 
In the literature, there are many ion exchange studies that focus on DOC, sulfate, nitrate, 
or arsenic removal by anion exchange resins. Currently Br- is one of the most significant 
concerns for public health(Richardson et al., 2007). Therefore, its removal from natural 
waters has become necessary for all utilities. In the existing previous studies (See in Table 
A1), conventional anion exchange resins’ Br- removal efficiencies were tested, but the 
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presence of the other or background anions and the organic matter composition limited 
removal of Br- from the waters that have been studied(Hsu and Singer, 2010).  
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Table A1. Br- removal comparison with other resins 
Resin 
[Br- ]0   
(mg/L) 
Water 
Source 
Resin 
Volume 
(ml/l) 
Contact 
Time 
(min) 
Competing 
Anions 
(mg/L) 
pH 
DOC 
(mg/L) 
SUVA254 
(L/mg.m) 
UV254  
(cm-1) 
Br- 
Removal 
(%) 
Reference 
Miex 
(polyacrylic)  
0.204 
Raw Water  
0.8 
20  
Sulfate (<10) 
 
 
  
6.9 6.5 3.29 0.214 - 
(Boyer and Singer, 2006) 
 
 
 
  
0.207 1.5 6.8 5.8 3.02 0.175 28 
0.167 1.8 6.9 5.1 3.12 0.159 20 
0.214 2.9 6.6 5.5 3.09 0.170 21 
0.218 3.0 6.8 5.9 2.93 0.173 24 
0.231 2.0 Sulfate (52.3) 6.8 6.2 2.97 0.184 6 
Miex 
0.100  
Simulated 
Natural 
Water 
 
  
1.0 
30 
-  8  
- 
 
  
- 
 
 
 
 
 
  
- 
 
 
 
 
 
  
40-45 
(Hsu and Singer, 2010) 
 
  
2.0 58-64 
4.0 66-70 
6.0 76-80 
0.300  
1.0 
30  
- 
 
  
29-31 
2.0 38-41 
4.0 52-54 
6.0 58-62 
0.100  
1.0 
30  
3.5 
 
  
5.2 
 
 
 
 
 
  
0.180 
 
  
32-38 
2.0 50-54 
4.0 58-62 
6.0 65-70 
0.300  
1.0 
30  
3.6 
 
  
0.190 
 
  
20-25 
2.0 33-37 
4.0 47-50 
6.0 53-57 
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Resin 
[Br- ]0   
(mg/L) 
Water 
Source 
Resin 
Volume 
(ml/l) 
Contact 
Time 
(min) 
Competing 
Anions 
(mg/L) 
pH 
DOC 
(mg/L) 
SUVA254 
(L/mg.m) 
UV254  
(cm-1) 
Br- 
Removal 
(%) 
Reference 
 
0.100  
 
1.0 
 
  
30 
 
 
  
Alkalinity (24) 
 
 
 
8 
 
 
 
 
 
 
 
 
  
-  -  -  
40-43 
 
 
 
 
 
(Hsu and Singer, 2010) 
 
 
 
 
 
 
  
  Alkalinity (120) 28-30 
Miex 
0.300 
  
 Alkalinity (24) - - - 27-31 
  Alkalinity (120)    19-22 
  6.0 Alkalinity (120)    62 
Ionac A-641 
(polystyrene) 
0.300 
 
 
 
 
  
Simulated 
Natural 
Water 
2.0 
 
 
 
 
  
30 Alkalinity (120) 
10  
- - 62 
Amberlite 
IRA910 
(polystyrene) 
  Alkalinity (120)   64 
Ionac A-641 
(polystyrene) 
 
300 
 
 
  
Alkalinity (120)   76 
Amberlite 
IRA910 
(polystyrene) 
 
Alkalinity (120) 
  
73 
 
  
    
    
    
Miex  0.100  
 1.0 
30  
Chloride (19) 
-  -  -  
50-55 
 1.0 Chloride (31) 40-45 
Miex 
0.110 
 
  
 
 
 
 
 
Waste Water 
 
 
0.5 
30 
Sulfate (13.5) 
& 
Nitrate (8.7)  
7-7.9 
5.60 
to 
6.70 
2.2 
to 
2.9 
0.14 
to 
0.16 
8 
(Humbert et al., 2005) 
2.0 30 
4.0 45 
 
8.0 
 
65 
DOWEX-11 0.150 78-85 
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Resin 
[Br- ]0   
(mg/L) 
Water 
Source 
Resin 
Volume 
(ml/l) 
Contact 
Time 
(min) 
Competing 
Anions 
(mg/L) 
pH 
DOC 
(mg/L) 
SUVA254 
(L/mg.m) 
UV254  
(cm-1) 
Br- 
Removal 
(%) 
Reference 
DOWEX-MSA 0.150 
 
 
Waste Water 
  
 
8.0 
30 
Sulfate (13.5) 
& 
Nitrate (8.7) 
7-7.9 
5.60 
to 
6.70 
2.2 
to 
2.9 
0.14 
to 
0.16 
 
78-85 
 
(Humbert et al., 2005) 
IRA-938            
Miex-Cl  1.000  Surface 
Water 
 
  
10.0 
 
  
20 
 
  
-  - 
 
 
-  
 
 
-  
53 
(Walker and Boyer, 
2011) 
 
  
   61 
Miex-HCO3-  0.780  
Sulfate (50)   20 
-  18 34 
Purolite Bromide 
Plus/9218  
0.250 DDI 5.0 15 
SO42- (25-400) 
6.5 - - - 
20-84 
 
 
 
 
 
 
 
This study 
 
 
 
 
 
 
  
Cl- (25-400) 30-75 
Alkalinity (50-400) 74-87 
NO3- (10-50) 79-90 
PO43- (5-25) 83-87 
MIEX-Br 
SO42- (25-400) Jun-73 
Cl- (25-400) Dec-69 
Alkalinity (50-400) 53-71 
NO3- (10-50) 75-86 
PO43- (5-25) 81-85 
 
 
 
IRA 900 
 
 
 
  
SO42- (25-400) 0-56 
Cl- (25-400) 0-50 
Alkalinity (50-400) 23-53 
NO3- (10-50) 47-56 
PO43- (5-25) 55-58 
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Resin 
[Br- ]0   
(mg/L) 
Water 
Source 
Resin 
Volume 
(ml/l) 
Contact 
Time 
(min) 
Competing 
Anions 
(mg/L) 
pH 
DOC 
(mg/L) 
SUVA254 
(L/mg.m) 
UV254  
(cm-1) 
Br- 
Removal 
(%) 
Reference 
IRA 910 
0.250 DDI 5.0 15 
SO42- (25-400) 
 
 
 
 
 
 
6.5 
 
 
 
 
  
 
 
 
 
 
 
 
- 
 
 
 
 
 
  
 
 
 
 
 
 
 
- 
 
 
 
 
 
  
 
 
 
 
 
 
 
- 
 
 
 
 
 
  
0-58 
This study 
Cl- (25-400) 0-52 
Alkalinity (50-400) 25-58 
NO3- (10-50) 49-61 
PO43-(5-25) 56-60 
MIEX-GOLD 
SO42- (25-400) 18-Jan 
Cl- (25-400) 20-58 
Alkalinity (50-400) 17-75 
NO3- (10-50) 60-80 
PO43- (5-25) 60-79 
MIEX-DOC 
SO42- (25-400) 0-8 
Cl- (25-400) Mar-37 
Alkalinity (50-400) May-45 
NO3- (10-50) 23-60 
PO43- (5-25) 23-60 
Purolite Bromide 
Plus/9218 
- 96 
NO3 (10,30) 89-96 
SO42- (10,30) 88-93 
NO2- (0.5 ,1,2) 89-95 
PO43- (0.5,1,2) 92-95 
Cl- (7.5) >81 
Cl- (25) >77 
Cl- (75) >66 
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Resin 
[Br- ]0   
(mg/L) 
Water 
Source 
Resin 
Volume 
(ml/l) 
Contact 
Time 
(min) 
Competing 
Anions 
(mg/L) 
pH 
DOC 
(mg/L) 
SUVA254 
(L/mg.m) 
UV254  
(cm-1) 
Br- 
Removal 
(%) 
Reference 
Purolite Bromide 
Plus/9218 
 
 
0.250 
  
DDI 
5.0 15 
NO3-(10)+SO42-
(10)+ 
NO2-(0.5)+PO43- 
(0.5) 
6.5 
 
- 
  
 
-  
 
- 
  
93 
This study  
Alkalinity (50) 8 93 
Alkalinity (150)  85 
Alkalinity (300)   84 
NOM  
- 6.5 2 3 0.064 >83 
-  7.5 3 0.223 >76 
NO3-(10)+SO42-
(10)+ 
NO2-(0.5)+ 
PO43- (0.5)+Cl-(75) 
 2 1.7 0.034 64  ̶84 
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Table A2. Main properties of some typical anion exchange resins [ (Harland, 1994)] 
Resin Type Matrix Structure Functional group Ionic form 
Wet Volume Capacity 
(keq/m3) 
pH range 
Thermal stability 
(°C) 
Strong Base 
(Type I) 
styrene-DVB* 
gel 
̶ N(CH3)3+ Cl- 
1.3 
0-14 
80  
macroporous 1.15 40  
Strong Base 
(Type II) 
styrene-DVB 
gel 
̶ N(CH3)2(CH2CH2OH) + Cl- 
1.3 
0-14 
60  
macroporous 1.15 40  
Strong Base 
(Type I) 
acrylic-DVB 
gel ̶ N(CH3)3+ 
Cl- 
1.25 
0-14 
75  
macroporous  1.2 35  
Weak Base acrylic-DVB 
gel ̶ N(CH3)2 Cl- 1.2 
0-9 
100 
macroporous  free base 1.25 100 
gel polyamine free base 1.9 100 
Weak Base acrylic-DVB 
gel ̶ N(CH3)2 
free base 
1.6 
0-9 60 
macroporous  1 
*DVB: Divinylbenzene 
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Disinfection Byproducts: Disinfection byproducts (DBPs) are one of the important 
environmental concerns for human health. Oxidization of DBP precursors such as organic 
matter(i.e. NOM, algal organic matter, effluent organic matter), anthropogenic 
contaminants, and bromide and iodide by disinfectants form (Richardson et al., 2007). 
Trihalomethanes (THMs), five species of haloacetic acids (HAA5), bromate (BrO3
-) and 
chlorite (ClO2
-) are regulated by the USEPA. Maximum contaminant level (MCL) for the 
regulated DBPs are 80 µg/L, 60 µg/L, 10 µg/L and 1000 µg/L, respectively.  During the 
water treatment process the formation of these DBPs can be affected by the type of 
disinfectant, disinfectant dosage, contact time, DBP precursors, pH and water 
temperature(Hua and Reckhow, 2007). Also, there are unregulated DBPs [i.e. 
haloacetonitriles (HANs), N-nitrosodimethylamine (NDMA) etc.], that are posing public 
health concerns and some of them have higher toxicity risk than the regulated ones. 
Trihalomethanes: In the presence of free chlorine, NOM which is present in all surface 
and ground waters and derived from various natural organic materials as a result of 
complex biotic and abiotic reactions, can form chlorinated THMs. Moreover, the presence 
of Br- with NOM during the oxidation can cause formation of highly toxic brominated-
THMs. TTHMs consists of four different chlorinated and brominated THMs including 
trichloromethane (chloroform) CHCl3, dibromochloromethane CHClBr2, 
bromodichloromethane CHCl2Br, and tribromomethane (bromoform) CHBr3. Moreover, 
NOM characteristics are very important in the formation of THMs. For example, humic 
substances, which contain mainly electron- rich sites, such as aromatics, are considered the 
major precursors of THMs (Reckhow et al., 1990). The most common technique for NOM 
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removal is coagulation/flocculation/sedimentation in wastewater treatment plants; 
however, it is not a very effective and selective treatment option. In this study, removal of 
Br- to prevent the subsequent formation of brominated THMs by Br- selective ion exchange 
resin was the focus. 
Haloacetonitriles: Haloacetonitriles (HANs) are toxic nitrogenous drinking water 
disinfection byproducts and an unregulated class of semi-volatile DBPs. They are observed 
after chlorine, chloramine, or chlorine dioxide disinfection (Muellner et al., 2007). The 
formation of HANs is relatively less than THMs and HANs; however, their presence in 
drinking water should not be neglected because of their higher geno- and cyto-toxicities 
than the currently regulated THMs and HAAs (Liu et al., 2018).. Currently, there are eight 
HANs species that have been identified including chloroacetonitrile (CAN), 
bromoacetonitrile (BAN), dichloroacetonitrile (DCAN), bromochloroacetonitrile 
(BCAN), bromodichloroacetonitrile (BDCAN), dibromoacetonitrile (DBAN), 
trichloroacetonitrile (TCAN), dibromochloroacetonitrile (DBCAN), and 
tribromoacetonitrile (TBAN). The formation and speciation of HANs in chlorinated 
finished waters depend on such factors as chlorine dosage, bromide concentration, 
temperature, pH, total organic carbon (TOC) content of water and chlorine reaction time 
(Hua and Reckhow, 2007). The lack of knowledge about potential formation and speciation 
of HANs during water treatment can cause health problem due to lack of regulation of 
HANs in drinking water. Therefore, it is important to understand the formation, speciation 
and control of HANs under realistic water treatment conditions. 
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Haloacetic Acids: Haloacetic acids (HAAs) are disinfection byproducts that are formed as 
a result of the reaction between oxidants and naturally occurring organic and inorganic 
matter present in source waters. (Cowman and Singer, 1996; Hong et al., 2013; Zhang et 
al., 2010). There is a total of nine HAA species containing chlorine and bromine: chloro-, 
dichloro, and trichloroacetic acid (MCAA, DCAA, and TCAA); bromo-, dibromo-, and 
tribromoacetic acid (MBAA, DBAA, and TBAA); and bromochloro-, bromodichloro-, and 
dibromochloroacetic acid (BrClAA, BrCl2AA, and Br2ClAA). Currently, only five of these 
are regulated by the U.S. EPA. HAA5 includes dibromoacetic acid, dichloroacetic acid, 
bromoacetic acid, monochloroacetic acid and trichloroacetic acid. Among those, 
dichloroacetic acid (DCAA) and trichloroacetic acid (TCAA) are the most frequently found 
compounds in disinfected surface and wastewaters (Plewa et al., 2010). Laboratory studies, 
conducted with isolated aquatic humic substances, also support these results(Reckhow et 
al., 1990). The formation of HAAs has been reported to be a function of precursor 
concentration (NOM), chlorine dose, pH, temperature, contact time, and bromide ion 
concentration(Hua and Reckhow, 2007). The bromide ion (Br-) is an important factor 
because it is known as an inorganic precursor for HAAs; therefore, its presence may lead 
to the formation of bromine-containing species following chlorination of bromide-
containing water sources. When aqueous chlorine reacts with Br-, it rapidly oxidizes the 
Br- to hypobromous acid (HOBr) (Ding et al., 2012).The pH of the water can determine the 
hypobromous acid speciation as either HOBr or OBr-, which will then react with organic 
precursors through oxidation and substitution reactions to produce DBPs containing 
bromine. 
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Total Organic Halogens: Total organic halogens (TOX) or total organic halides are an 
estimation of total organic bound halogen in water. TOX includes known (currently 
identified DBPs) and unknown disinfection by-products in a single parameter. Chlorine 
and chloramine are known as main disinfectants and are the producers of the important 
amounts of TOX. Only about 50% of TOX can reportedly be converted to individual 
species in chlorinated samples. However, in chloraminated samples, the corresponding 
value is less than 20% (Li et al., 2002). If water has bromide or iodide during the oxidation, 
it can form brominated (TOBr) and iodinated (TOI) organic compounds with chlorinated 
organic compounds (TOCl). To examine and determine fractions of TOX (i.e., TOCl, 
TOBr, and TOI), an off-line TOX measurement technique has been developed by 
researchers(Hua and Reckhow, 2006). This technique is a good guide for researchers to 
make better evaluations of known and unknown proportions of TOCl, TOBr, and TOI in 
total organic halogen formation. Obtaining results can help to estimate the health risks of 
DBPs. 
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Supplemental Information on Material and Methods 
Bromide Removal Preliminary Experiment with Purolite-Br: Each resin was pre-
washed by mixing distilled de-ionized water (DDI) in a jar tester until it reaches 600 BV 
with 15 min contact time. Pre-wash was done to achieve the desired settled resin volume, 
to wash away the fine particles, and to confirm that there was no release of organic matter. 
Then, the removal of Br- at varying initial concentrations (i.e.100, 250,500,1000 μg/L) was 
tested in the DDI background to examine the Br- concentration effect by Purolite-Br resin 
(See Figure A2-a). The results showed that the Br- resin was effective for removing Br- up 
to >99% for tested concentrations. Resin showed the highest removal efficiency with high 
level initial Br- concentration because of Br- competition with the resin’s sites. Therefore, 
I concluded that increasing Br- level did not decrease removal efficiency. Moreover, based 
on range of Br- found in natural waters, 250 µg/L was selected as the initial concentration 
for the study. 
Next, a preliminary kinetic test was run to check the optimum contact time for the following 
experiments. Samples were withdrawn from each jar at 5, 10, 15 and 20 min, and Br- 
removal ([Br]0 :250 µg/l) was observed at different contact time. When the contact time 
was increased to 15 min, as shown in Figure A2-b, Br- removal ([Br]0: 250 µg/L) increased 
to > 96%, so 15 min was selected as the contact time with 2 min found as enough for the 
settling time. Thus, the contact time for all other experiments was fixed at a contact time 
of 15 min. 
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Further, the resin performance was tested with an extended bed volume up to 1400 BV at 
a contact time of 15 min. Figure A2-c shows that the resin maintained its Br- removal 
efficiency (96–99%) at all tested BVs. Note that IXOM Watercare (MIEX resin 
manufacturer) suggested 600 BV as an effective BV for the experiment. Therefore, 600 
BV was selected for all subsequent experiments. 
Bromide concentration contact time and bed volume experiments were conducted under 
ambient pH conditions. However, typically the pH of the water changes during a treatment 
process, so the pH effect on Br- removal is a critical parameter to provide consistency at 
the removal efficiency. Different pH values were tested to determine its effect on resin 
performance. The pH of the water was adjusted to 6.5 ,8 and 10 with NaOH/HCl, and the 
Purolite-Br resin showed an ability to remove Br- effectively under different pH conditions. 
Similarly, experiments were run at a pH value of 6.5 after confirming that Br- removal by 
Purolite-Br resin was independent of pH Figure A2-d. 
Finally, after each experiment, resin was regenerated by using 10% NaCl solution. The 
condition of the resin was checked after each regeneration by taking a sample from each 
cycle, and measuring the ion strength of the treated water using ion chromatography to 
check the remaining anions on resin sites. The resin showed it had recovered its Br- removal 
ability through the regeneration cycles, then the resin was prepared for reuse for other 
experiments.  
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Figure A2. Operational parameters a) Initial Br- concentration, (b) Contact time, (c) Bed Volume, 
(d) pH effect on Br- removal by Purolite-Br resin. 
 Experimental conditions: [Br-]0= 250 µg/L, pH: 5.5 (b, c, d), T = 21  1 oC, contact time = 15 min 
(b, c, d), Settling Time= 2 min, Mixing (rpm)=150 
 
Analytical techniques: Because the DOC concentration is the most important factor to 
determine formation of DBPs, standard methods (SM) (APHA et al., 2005) were used to 
measure the concentration. UV absorbance was measured using a Varian Cary 50 (SM 
5910), and pH using a VWR Symphony pH meter (SM 4500-H+). Alkalinity was measured 
using a titration method (SM 2340C). DBPs were analyzed following USEPA Method 
551.1 with minor modifications by using Agilent 6890 gas chromatograph (GC-ECD) 
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equipped with a DB-1 column (J&W Scientific 30m x 0.25mm x 1μm). TOCl, and TOBr, 
were measured by using an Analytic Jena Multi X 2500 TOX Analyzer (Analytikjena, Jena, 
Germany) coupled with an off-line Dionex ICS-2100 ion chromatography system, 
according to a method described elsewhere (Hua, Reckhow, & Kim, 2006). Minimum 
reporting levels for each parameter and details about the methods are given in Table A3.  
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Table A3. Analytical Methods and Minimum Reporting Levels 
Parameters Units 
Measurement 
Method 
Instrument 
Minimum 
Reporting Levels 
Cl- 
(μg/L) 
USEPA Method 
300 
ICS-2100, Dionex 
Corp. 
20 
Br- 10 
NO3- 15 
NO2- 20 
PO43- 20 
SO42- 25 
Alkalinity 
mg/L 
CaCO3 
2320 B-2011 Titration method 5 
Dissolved 
Organic Carbon 
(DOC) 
(mg/L) SM 5310B 
TOC-VCHS, Shimadzu 
Corp. 
0.1 
UV Absorbance cm-1 SM 5910 Varian Carry 50  
pH s.u. SM 4500-H+ VWR Symphony  
THMs 
(µg/L) 
USEPA Method 
551.1 
Agilent 6890 GC-
ECD 
1 
HAAs 0.5 
HANs 0.5 
Residual Free 
Chlorine 
(mg/L) SM 4500-Cl F NA 0.05 
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Experimental design for Br- removal using 6 different anion exchange resins in DDI: 
Br- removal performance of the selected resins  was tested under different conditions with 
DDI as the background (Table A4). Solutions were prepared in 3 L DDI and added to 5 ml 
resin volume for 600 BV. Resin interactions with each of the tested ions (NO3
-, SO4
2-, NO2
-
, PO4
3-, Cl-) were checked individually. In the literature, background competing anions are 
known as the most important factor on resin performance(Hsu and Singer, 2010). 
Therefore, the initial Br- concentration was fixed to 250 µg/l (given the results from the 
preliminary experiments), and the background anion concentration was adjusted to reflect 
concentrations found in natural waters. Some extreme conditions were used to determine 
the resins’ ability and to detect differences among the tested resins. For chloride and sulfate 
25-400 mg/L concentration range was tested in DDI. The chloride concentrations were 
determined because the ratio of Cl-: Br- has been shown to change from 35 to 400 
(Mullaney et al., 2009). The effect of NO3
- and PO4
3- was tested using a range of 10-50 
mg/L and 5-25 mg/L, respectively. The effect of alkalinity on Br- removal was tested for 
50-400 mg/L CaCO3 to see the resin performance in both typical and challenging 
conditions. The challenges to the performance of the resins provided an understanding of 
the robustness of their effectiveness in removing Br- in high level anions in water 
background. The concentrations as meq/L were calculated to consider selectivity and 
understand  reported capacity of the resins (Table A5). 
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Table A4. Experimental design for Br- removal using 6 different anion exchange resins in DDI 
background (mg/L) 
Target 
anion 
Bed 
volume 
Experiment 
A 
Experiment 
B 
Experiment 
C 
Experiment 
D 
Experiment 
E 
Br- 
(mg/L) 
(BV) 
SO42-  
(mg/L) 
Cl- 
(mg/L) 
Alkalinity 
(mg 
CaCO3/L) 
NO3- 
(mg/L) 
PO43- 
(mg/L) 
0.25 600 
25                    
50                 
100               
200                  
400* 
25                   
50 
100                  
200                  
400* 
50                                          
100                                        
200                                        
400* 
10 
25                      
50* 
5                       
10                    
25* 
*: The highlighted values are considered as extreme conditions because the values are slightly higher than 
observed concentration level in natural waters. 
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Table A5. Experimental design for Br- removal using 6 different anion exchange resins in DDI 
background, (meq/L) 
Target 
anion 
Bed 
volume 
Experiment 
A 
Experiment 
B 
Experiment 
C 
Experiment 
D 
Experiment 
E 
Br-
(meq/L) 
(BV) 
SO42- 
(meq/L) 
Cl- 
(meq/L) 
Alkalinity 
(meq/L) 
NO3- 
(meq/L) 
PO43- 
(meq/L) 
0.003 600 
0.52              
1.04               
2.08              
4.16                 
8.33* 
0.7                  
1.4                 
2.8                 
5.6                  
11.3* 
1.0                                          
2.0                                        
4.0                                        
8.0* 
0.16                    
0.4                     
0.8* 
0.16                    
0.3                   
0.8* 
*: The highlighted values are considered as extreme conditions because the values are slightly higher than 
observed concentration level in natural waters. 
 
Under all conditions, the Purolite-Br resin had the most effective performance of the six 
tested resins; therefore, it was selected for further experiments in this study. Moreover, new 
water samples prepared that included NO3
-, SO4
2-, NO2
-, PO4
3-, Cl- and alkalinity. Their 
different level individual effects and mixed anions compositions effect on Br- removal was 
observed to see the resin reaction in natural water conditions. Detailed experimental 
conditions are given in Table A6. 
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Table A6. Br- removal experimental conditions by using Purolite resin in DDI 
Experiment Number 
Background 
Water 
pH Bed Volume 
Br- 
Dose 
(mg/L) 
Competing Ions (mg/L) 
Nitrate Sulfate Nitrite Phosphate Chloride Alkalinity 
1 
DDI 6.5 600 0.25 
- - - - - - 
2 10 , 30 - - - - - 
3 - 10 , 30 - - - - 
4 - - 0.5,1,2 - - - 
5 - - - 0.5,1,2 - - 
6 - - - - 7.5,25,75  
7 10 10 0.5 0.5 - - 
8 10 10 0.5 0.5 75 - 
9 
DDI 8 600 250 
- - - - - 50,150,300 
10 10 10 0.5 0.5 75 50,150,300 
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Experimental design for Br- removal using Purolite-Br resin in NOM background: 
After the effect of background anions was tested with a DDI background, the Purolite-Br 
resin was tested with a natural organic matter (NOM) background. The effect of NOM 
types and concentration on Br- removal by the Purolite-Br resin was examined with NOM 
solutions prepared with isolated and concentrated NOM fractions from surface water from 
previous studies(Karanfil et al., 2007; Song et al., 2009). NOM powders were prepared by 
filtering surface water using reverse osmosis (RO) and fractionated using resin adsorption 
chromatography (RAC). The characteristic of dissolved organic matter (DOM), especially 
reactivity is the most important parameter during the isolation process. RO has been shown 
to be the best technique for isolating NOM without changes in its physicochemical 
properties of organic matter during the isolation process (Kitis et al., 2001; Song et al., 
2009). RAC is a chromatographic separation process involving XAD-4 and XAD-8 resins 
that concentrates and fractionates DOM into operationally-defined hydrophobic (HPO) and 
transphilic (TPH) fractions. The fractions desorbed from the XAD-8 column and XAD-4 
column are HPO and TPH type NOM, respectively. The characteristics of the NOM 
fractions are detailed in Table A7. Experiments were conducted using both NOM fractions 
with a specific ultraviolet absorbance (SUVA254) of 1.7 (TPH) and 3.0 (HPO) L/m.mg. 
Two dissolved organic carbon (DOC) concentrations of 2.0 and 7.5 mg/L were prepared 
with each fraction to test the effects of specific ultraviolet absorbance (SUVA) and DOM 
concentration on resin Br- removal performance. The mass of NOM was determined by 
using the carbon content (percentage carbon per mass NOM) to prepare the desired DOC 
levels. The calculated mass for targeted DOC levels was dissolved in DDI and mixed until 
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all the powder dissolved. The NOM solution was filtered through a 0.45 µm filter to remove 
particles that were not dissolved. The resulting solutions were used for the Br- removal 
experiments. Experimental conditions including the ionic composition of the solution for 
the eight trials examining Br- removal with a NOM background are given in Table A8. 
The treated samples were used for DBPs analysis under uniform formation condition 
(UFC) test and total organic halides (TOX) measurements. 
Table A7. Characterization of NOM 
NOM 
DOC 
(mg/L) 
UV254 
(cm-1) 
SUVA254 
(L/mg.m) 
%C %N 
TPH (Transphilic fraction) 
2.0 
7.5 
0.034 
0.128 
1.7 50 3 
HPO (Hydrophobic fraction) 
 
2.0 
7.5 
 
0.061 
0.223 
3.0 52 2.2 
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Table A8. Br- removal experimental conditions for Purolite resin in NOM Background 
Exp. 
ID 
pH NOM 
(SUVA254) 
DOC Br- NO3- SO42- NO2- PO43- Cl- 
- (L/mg.m) (mg/L) (µg/L) (mg/L) 
1  
 
 
6.5 
 
 
1.7 
2.0 250 - - - - - 
2 10 10 0.5 0.5 75 
3 7.5 - - - - - 
4 10 10 0.5 0.5 75 
5  
 
3.0 
2.0 - - - - - 
6 10 10 0.5 0.5 75 
7 7.5 - - - - - 
8 10 10 0.5 0.5 75 
 
Chlorination procedure under UFC protocol and TOX measurement: After 24 h of 
oxidation time, samples were quenched with ascorbic acid prior to the extraction process. 
Fifty ml samples were transferred into 60 ml extraction vials to determine the THMs and 
HANs. After that, 3 ml of Methyl tert-butyl ether(MtBE) and 10 g of anhydrous sodium 
sulfate were added to the extraction vials. To dissolve the salts, the extraction vials were 
put on a shaker table at 300 rpm for 30 min. After 30 min, vials were placed on the bench 
for 10 min for phase separation. The MtBE phase was transferred to GC vials to analyze 
by GC-ECD. To determine the HAAs, 40 ml samples were transferred to 60 ml extraction 
vials. The sample was acidified with 2 ml of H2SO4 (to provide pH<2), and then 4 ml of 
MtBE and 8 g of sodium chloride (NaCl) were added into the extraction vials. The 
extraction vials were placed on a shaker table at 300 rpm for 30 min to dissolve sodium 
chloride salt. After 30 min, vials were taken from the shaker and placed on the bench for 
10 min for phase separation. After phase separation, the MtBE phase extract was 
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transferred in 10 ml borosilicate glass tubes. Methylation of samples was performed by the 
addition of 1 ml of 10% H2SO4/MeOH solution. A water bath was adjusted to 50 °C and 
the samples were placed in it for 2 hours. After 2 hours, samples were removed from the 
bath and brought to room temperature. Finally, samples were quenched with 4 ml of 
saturated NaHCO3 and placed on a shaker table for 5 min to degasify. After degasification, 
samples were transferred to GC vials for measurement. 
Total organic halogens (TOCl and TOBr) were analyzed during the experiment by using 
an Analytic Jena Multi X 2500 TOX Analyzer coupled with off-line ion chromatography 
(Analytikjena, Jena, Germany). Initially, NOM solution samples were acidified with 
sulfuric acid adjusted to pH ≤ 2, and 50 ml of sample passed through two activated carbon 
microcolumns in series using an Analytikjena Sample adsorption unit. The activated 
carbon columns were then washed with 20 mL of 6.85 g/L NaNO3 aqueous solution to 
remove inorganic halides from solution. Both activated columns were manually transferred 
into the furnace and burned for 20 min at 950 ˚C. Finally, the off-gas was collected in 20 
ml of DDI and analyzed in an off-line ion chromatograph (Dionex ICS-2100) to determine 
known and unknown proportions of TOCl and TOBr. 
Calculated Toxicity Assessment: Cytotoxicity of the chlorinated samples was calculated 
using equation a2 below.  The cytotoxicity index values (LC50) were obtained from the 
literature and the concentration of the DBPs (i.e. THMs, HAAs and HANs) from the 
analysis. The cytotoxicity index values for each DBPs species obtained are shown in Table 
A9. 
Cytotoxicity = 
DBP concentration
LC50
 x 10-3          (Equation a2)  
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Table A9.The cytotoxicity index (LC50) of target halogenated DBPs 
DBPs LC50 (M) References 
THMs 
TCM 9.62×10-3 
(Wagner and 
Plewa, 2017) 
BDCM 1.15×10-2 
DBCM 5.35×10-3 
TBM 3.96×10-3 
HANs 
CAN 6.83×10-5 
(Muellner et al., 
2007) 
BAN 3.21×10-6 
DCAN 5.73×10-5 
BCAN 8.46×10-6 
DBAN 2.85×10-6 
TCAN 1.60×10-4 
HAAs 
CAA 8.1×10-4 
(Plewa et al., 2010) 
BAA 9.60×10-6 
DCAA 7.30×10-3 
BCAA 7.78×10-4 
DBAA 5.9×10-4 
TCAA 2.40×10-3 
BDCAA 6.85×10-4 
DBCAA 2.02×10-4 
TBAA 8.50×10-5 
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Supplemental Results and Discussion 
The selectivity for Br- of different resins was determined under changing anion levels.  
Figure A3 shows the general trends for Br- removal performance of the conventional 
styrene type resins (IRA 900 and IRA 910), poly methacrylate type resins (MIEX-DOC 
and MIEX-Gold) and newly introduced Br-resins (Purolite-Br and MIEX-Br). Increasing 
background anion concentration dramatically reduced the performance of the conventional 
anion exchange resins.  However, the Br-resins maintained their ability to remove Br- even 
under the extreme anion concentrations. Moreover, selectivity of the tested resins was 
evaluated using equation 3 (see Table A5 for meq concentrations). When the ratio is less 
than 1, there are still available sites on the anion exchange resin to remove anion from 
water. If the ratio is equal to 1, all ion exchange available sites are equal to solution anion 
concentration. If it is bigger than 1, the anion concentration in the solution is greater than 
the available resin’s reactive sites for anion removal. It means that capacity of the resin 
was used for anion removal and there are still some anions in water, but there are no 
available sites for anion exchange removal . Based on this information, Figure A4 shows 
the change in the ratio with changes in the background anion levels. Under all tested anions 
concentrations, even when the anion meq concentration was higher than the resins’ 
capacity, the Br-resins continued to remove Br- indicating that the Purolite-Br and MIEX-
Br resins had higher numbers of selective sites than the conventional styrene and 
methacrylate-based anion exchange resins. 
Ratio= 
𝒎𝒆𝒒 𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏 
𝒎𝒆𝒒 𝒓𝒆𝒔𝒊𝒏
       (Equation a3) 
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Figure A3. Br- removal comparison with different resins under changing anions concentration in 
DDI.  
Experimental conditions: [Br-]0 = 250 µg/L, pH= Ambient ( ̴5.5), T = 21 1 oC, contact time= 15 
min, Settling Time= 2 min, Mixing (rpm)=150, BV= 600 
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Figure A4. The effect of changing meq solution/meq resin ratio of a) Sulfate, b) Chloride, c) 
Alkalinity, d) Nitrate and e) Phosphate on Br- removal efficiency for different resins. 
       Experimental conditions: [Br-]0= 250 µg/L, pH: Ambient, T = 21  1 oC, contact time = 15 
min, Settling Time= 2 min, Mixing (rpm)=150, BV=600 
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Comprehensive resin testing: After selectivity tests and comparisons of the Br- removal 
efficiencies, Purolite-Br resin was selected for further comprehensive resin testing. Thus, 
the comprehensive testing evaluated the resin performance in the presence of competing 
anions and alkalinity at both realistic and challenging conditions (Table A6). The tested 
conditions were selected to reflect average concentration ranges of the competing anions 
in surface waters. As shown in Figure A5, the resin showed a range of removal percentage 
of 89‒96% in the presence of 10 mg-NO3-/L, 0.5 mg-NO2-/L, 10 mg-SO42-/L, 0.5 mg-PO43-
/L, and a mixture of all anions (competing anion mix 1* in Table A10). The most 
influential condition was the presence of 7.5 mg-Cl-/L, which slightly reduced Br- removal 
to 81%. These results confirm the superior performance of the resin compared to all other 
previously tested resin in the literature. In several studies (Hsu and Singer, 2010; Humbert 
et al., 2005; Walker and Boyer, 2011) anions competed with Br- for sites on other tested 
resin and decreased the removal efficiency. The result of this study’s experiments indicated 
that there is little to no competition between Br- and other anions (NO3
-, NO2
-, SO4
2-, PO4
3-
) for the sites on the Purolite resin. More than 90 % Br- removal was observed for realistic 
concentrations of all the tested anions. These results were more promising than previous 
studies that showed lower removal efficiencies in the presence of selected anions with other 
resins (Boyer and Singer, 2006; Humbert et al., 2005; Walker and Boyer, 2011). Although 
the individual anions showed limited competition with Br-, two sets of experiment were 
conducted under more challenging conditions. The first set included NO3
-, NO2
-, SO4
2-, 
PO4
3- and second set had NO3
-, NO2
-, SO4
2-, PO4
3-, Cl- anions.  Br- and competing anions 
(NO3
-, NO2
-, SO4
2-, PO4
3-, Cl-) was tested under changing alkalinity level (50, 150 and 300 
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mg/L as CaCO3). Figure A5 shows the results for the competing anions combinations. The 
composition of the competing ions mixtures is shown in Table A10.Increasing anion 
concentrations and each anion individual effects on resin performance can be seen in this 
summary figure. The only exception was chloride, which had a notable effect on Br- 
removal as both an individual anion and in mixtures.  The performance of the Purolite resin 
decreased to 66% when Cl- was 75 mg/L (i.e., Cl-:Br- ratio = 300), and decreased further 
to 45% when all anions and alkalinity were included at the highest concentrations. The 
results show that this resin is the first to maintain its Br- removal character under nearly all 
conditions, while all other previous studies reported almost total inhibition of Br- removal 
at much less competition levels (See Table A1). 
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Figure A5. Br- removal comparison under typical and challenging water conditions by Purolite-
resin in DDI.  
Experimental conditions: [Br-]0 = 250 µg/L, pH 6.5 for anions experiment and 8.0* for alkalinity 
experiment, T = 21 1 oC, contact time= 15 min, settling Time= 2 min, mixing speed (rpm)=150, 
BV= 600 
*The compositions of the mixed competing anions are given in Table A10. 
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Table A10. Competing anions experimental conditions in DDI 
Experiment Number Conditions 
Competing anions mix 1* NO3- (10 mg/L)+SO42- (10 mg/L)+NO2- (0.5 mg/L)+PO43- (0.5 mg/L) 
Competing anions mix 2* Cl- (75 mg/L)+NO3- (10 mg/L)+SO42- (10 mg/L)+NO2- (0.5 mg/L)+PO43- (0.5 mg/L) 
Competing anions mix 3* 
Alkalinity (50 mg/L CaCO3)+Cl- (75 mg/L)+NO3- (10 mg/L)+SO42- (10 mg/L)+NO2- (0.5 
mg/L)+PO43- (0.5 mg/L) 
Competing anions mix 4* 
Alkalinity (150 mg/L CaCO3)+Cl- (75 mg/L)+NO3- (10 mg/L)+SO42- (10 mg/L)+NO2- 
(0.5 mg/L)+PO43- (0.5 mg/L) 
Competing anions mix 5* 
Alkalinity (300 mg/L CaCO3)+Cl- (75 mg/L)+NO3-(10 mg/L)+SO42-(10 mg/L)+NO2- 
(0.5 mg/L)+PO43- (0.5 mg/L) 
 
Removal of Br- in the presence of NOM and competing anions: The effect of competing 
anions in the presence of NOM is shown in Figure A6 for both transphilic and hydrophobic 
NOM fractions. The NOM type did not show any differences for Br- removal in the 
presence of the competing anions. However, the removal of Br- was affected but the 
decrease was similar to the previous results with the DDI background. These results clearly 
indicated the resin’s selectivity and strongly suggested it performed better than previously 
tested conventional ion exchange resins (Table A1). 
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Figure A6. Competing anions effect on Br- removal in NOM background.
Experimental conditions: [Br-]0: 250 µg/L, [DOC-]0 =  2 mg/L, Transphilic NOM SUVA254=1.7 
L/mg.m, Hydrophobic NOM SUVA254= 3.0 L/mg.m, [Cl-]0= 75 mg/L, [NO3-]0= 10 mg/L, [SO42-]0 
= 10 mg/L, [NO2-]0 = 0.5 mg/L and [PO43-]0 = 0.5 mg/L pH 6.5, T = 21  1 oC, Contact time : 15 
min, Settling Time: 2 min, Mixing (rpm):150, BV=600 
 
DBPs formation and speciation: Experiments were conducted under selected conditions 
for the chlorination procedure [i.e., only NOM with 2 mg/L DOC, competing anions in 
NOM and different DOC levels (2 and 7.5 mg/L Since Br- and DOC are the two main 
precursors for DBPs formation, the higher DOC level (7.5 mg/L) increased the formation 
of Cl-DBPs with TCM as the dominant species (Figure A7). THMs, HAAs and HANs 
formation in NOM solution with competing anions at 2 mg/L DOC is shown in  Figure 
A7. The decrease in the formation of Br-DBPs was lower in the competing anions 
background with 2.0 mg/L DOC than in the only NOM solution at the higher concentration. 
THMs and HAAs are carbonaceous DBPs species, which are regulated by EPA at 80 µg/L 
and 60 µg/L maximum contaminant levels (MCLs), respectively. Control samples, which 
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are the same solutions before the treatment, exceeded the MCLs, but after the ion exchange 
treatment by Purolite-resin, the formation of both sets of regulated DBPs were reduced 
below the MCL. Moreover, HANs are known nitrogenous, but unregulated, DBPs in 
drinking water systems. Although HANs species have considerably lower formation than 
carbonaceous DBPs, their toxicity index is 10-1000 times higher than THMs and HAAs 
species (Table A9). Figure A9 represents the calculated toxicity value of DBPs species as 
a percentage. The most significant contributor to the calculated cytotoxicity of the controls 
was DBAN.  After treatment, it was decreased. Although the NOM type did not show any 
impact on the removal of Br-, it affected the formation of toxic Br-HANs. The formation 
of HAN species was higher in transphilic NOM than hydrophobic NOM, which resulted in 
higher calculated toxicity values in transphilic NOM than hydrophobic NOM background. 
Increasing the DOC concentration resulted in an increased calculated cytotoxicity in both 
NOM background, which can be attributed to lower removal of the Br- at 7.5 mg/L DOC 
level (73%) and favored formation of less cytotoxic Cl-DBPs at 7.5 mg/L DOC (Figure 
A7). Overall, the high concentration of Br- in both NOM background was effectively (71-
73%) removed by the Br selective resin, decreasing the formation of Br-DBPs during 
subsequent chlorination, and the calculated cytotoxicity of the DBP species. The calculated 
toxicity index at 7.5 mg/L DOC was given in Figure A10 for both controls and treated 
samples in transphilic and hydrophobic NOM solutions. Reduced toxicity values after 
treatment is promising result for drinking water safety.   
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     Figure A7. DBPs speciation Purolite-Br resin at DOC 7.5 mg/L (a) THM, (b) HAA and (c) 
HAN.  
     Experimental Conditions: [Br-]0 = 250 µg/L, [DOC-]0 = 7.5 mg/L, Transphilic NOM 
SUVA254=1.7 L/mg.m, Hydrophobic NOM SUVA254= 3.0 L/mg.m, pH= 6-9, T= 21±1oC, reaction 
time = 24 h. 
 
69 
 
 
     Figure A8. Competing anions (C-ions) effect on DBPs speciation and removal by anion 
exchange resin (a) THM, (b) HAA and (c) HAN.  
     Experimental Conditions: [Br-]0 = 250 µg/L, [DOC-]0 =  2 mg/L, Transphilic NOM SUVA254=1.7 
L/mg.m, [Cl-]0= 75 mg/L, [NO3-]0= 10 mg/L, [SO42-]0 = 10 mg/L, [NO2-]0 = 0.5 mg/L and [PO43-]0 
= 0.5 mg/L, pH= 6-9, T= 21±1oC, reaction time = 24 h, BV:600 
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Figure A9. The effect of Br- removal by ion exchange resin on removing calculated cytotoxicity 
(CHO) values as a percentage of THM, HAA and HAN species.  
Experimental conditions: [Br-]0 = 250 µg/L, [DOC-]0 = 2 mg/L, Transphilic NOM SUVA254=1.7 
L/mg.m, pH= 6-9, T= 21±1oC, reaction time = 24 h. 
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Figure A10. Calculated cytotoxicity (CHO) values as a function of HAN, HAA and THM.           
Experimental conditions: [Br-]0 = 250 µg/L, [DOC-]0 = 7.5 mg/L,  
Transphilic NOM SUVA254=1.7 L/mg.m, Hydrophobic NOM SUVA254= 3.0 L/mg.m, pH= 6-9, T= 
21±1oC, reaction time = 24 h. 
 
TOX: Figure A11 represents the formation of TOX, TOCl and TOBr during chlorination 
at 7.5 mg/L DOC. The TOX values included both the total concentration of known 
(currently identified DBPs) and unknown halogenated compounds (UTOX). Figure A11 
also shows that more than 50% of the TOX formed during the chlorination of the water, 
which is consistent with a previous study (Richardson et al., 2007). After the Br- removal 
experiment, the known and unknown formation of TOBr was decreased by the reduction 
in the Br- concentration. UTOX is reported as unregulated TOX; however, it is an important 
component for toxicology, so removal of the unknown portion of TOBr would have a great 
effect on the protection of public health (Hua and Reckhow, 2007). Moreover, the nature 
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of NOM plays a significant role on the formation of the known and unknown TOCl(Hua 
and Reckhow, 2006). NOM solution with the high SUVA had more TOCl concentration 
than with a low SUVA. The formation of TOX was consistent with DBPs results. 
 
Figure A11. Formation of known and unknown TOBr, TOCl and TOX concentration at 
[DOC]0 = 7.5 mg/L during chlorination of NOM from two different SUVA254 values.
Experimental conditions: [Br-]0 = 250 µg/L, Transphilic NOM SUVA254=1.7 L/mg.m, 
Hydrophobic NOM SUVA254= 3.0 L/mg.m, pH= 7.5, T =21±1 ˚C, Reaction time = 24 h.  
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